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Queen’s Medical Centre duplex is spooled out. In this case, cleavage of the
junction would break the fork and release a duplex DNANottingham NG7 2UH
3 Centre for Infectious Diseases end that may provoke recombination. Thus, a resolvase
might act both to initiate and to complete a recombina-Wolfson Research Institute
University of Durham tion reaction and in so doing promote replication of
the genome. Indeed, the processing of damaged DNAQueen’s Campus
Stockton-on-Tees TS17 6BH replication forks may be one of the major functions of the
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Resolvase activity has been detected in all three do-
mains of life, and a growing number of individual en-
zymes have been identified and characterized (Con-Summary
stantinou et al., 2002, 2001; Lilley and White, 2001;
Sharples, 2001). X-ray crystallographic structures haveHolliday junction resolution performed by a variety of
been determined for a number of resolvases, includingstructure-specific endonucleases is a key step in DNA
the well-characterized Escherichia coli enzyme RuvCrecombination and repair. It is believed that all resol-
(Ariyoshi et al., 1994), the archaeal Hjc resolvases fromvases carry out their reaction chemistries in a similar
Pyrococcus furiosus (Nishino et al., 2001) and Sulfolobusfashion, utilizing a divalent cation to facilitate the hy-
solfataricus (Bond et al., 2001), the Ydc2 enzyme fromdrolysis of the phosphodiester backbone of the DNA,
Schizosaccharomyces pombe (Ceschini et al., 2001),but their architecture varies. To date, with the excep-
bacteriophage T7 endonuclease I (Hadden et al., 2001),tion of bacteriophage T4 endonuclease VII, each of
and bacteriophage T4 endonuclease VII (Raaijmakers etthe known resolvase enzyme structures has been cat-
al., 1999). These studies have revealed that the enzymesegorized into one of two families: the integrases and
fall into two major structural classes (nucleases andthe nucleases. We have now determined the structure
integrases) with a single outlier (T4 endonuclease VII). Inof the Escherichia coli RusA Holliday junction resol-
agreement with biochemical analyses, these structuresvase, which reveals a fourth structural class for these
confirm the likely distortion of Holliday junction sub-enzymes. The structure suggests that dimer formation
strates upon binding and the use of clusters of aspartateis essential for Mg2 cation binding and hence catalysis
or glutamate residues to bind divalent cations essentialand that like the other resolvases, RusA distorts its
for catalysis.Holliday junction target upon binding. Key residues
The RusA resolvase is encoded by the cryptic lamb-identified by mutagenesis experiments are well posi-
doid prophage DLP12 of E. coli K-12 and was discoveredtioned to interact with the DNA.
as a suppressor of mutations in the RuvABC system in
E. coli (Mahdi et al., 1996; Mandal et al., 1993; Sharples et
Introduction al., 1994). It has 120 residues and a calculated molecular
weight of 13.8 kDa and has also been shown to be a
Resolution of the four-way branched DNA structure Mg2 cation-dependent endonuclease that distorts its
known as a Holliday junction (HJ) by junction-specific Holliday junction substrate (Chan et al., 1998; Giraud-
endonucleases (resolvases) is a critical process in ge- Panis and Lilley, 1998) but shares no appreciable se-
netic recombination and DNA repair. Resolvases dedi- quence similarity with other known resolvases, although
cated specifically to junction cleavage cut two strands RusA homologs have been found in many prokaryotic
of like polarity at sites located symmetrically about the genomes (Sharples et al., 2002, 1999). The enzyme binds
junction structure, generating duplex products with ei- four-way Holliday junctions with marked selectivity and
ther a crossover or noncrossover configuration de- cleaves them by inserting symmetrical nicks in the phos-
pending on which pair of strands is cleaved (Allers and phodiester backbone across the junction point in a se-
quence-specific manner with a preference for cleavage
on the 5 side of CC dinucleotide sequences at the point*Correspondence: j.rafferty@sheffield.ac.uk
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of crossover (Chan et al., 1997, 1998; Sharples et al., bined with SDS-PAGE (Chan et al., 1997) and also via
Western blots following SDS-PAGE (Bolt et al., 1999).1994). Mutagenesis experiments have highlighted a
number of critical residues, including a trio of aspartate An obvious dimer is formed by the two monomers in
the asymmetric unit through extension of the  sheetresidues that are catalytically essential and are pre-
dicted to form the coordination site for bound cations across a noncrystallographic 2-fold axis. The intermono-
mer contacts formed between the 3 strands in the(Bolt et al., 1999, 2000).
A particular feature of RusA that distinguishes it from extended  sheet are supplemented by interaction of
residues from the 2 helices and the helical turn preced-the prototypic RuvC resolvase is that it can act to resolve
Holliday junctions in vivo without having to form a ing 3 (Figure 1). In addition to the residues in the 3
strands, the interactions involve residues R68, D72, Q75,complex with a DNA branch migration activity such as
RuvAB. Unlike T4 endonuclease VII and T7 endonucle- K76, D90, and V94 and include direct and water-medi-
ated hydrogen bonds as well as Van der Waals contacts.ase I, its activity is also highly selective for the symmetri-
cal four-way branched Holliday junction (Bolt and Lloyd, The dimer has dimensions of approximately 45  50 
55 A˚. The surface area of a monomer buried during2002). It provides therefore a valuable probe that can
be exploited to dissect junction branch migration and dimerization is approximately 725 A˚2 (11%), as deter-
mined using the program AREAIMOL (CCP4, 1994).resolution in vivo (Bolt and Lloyd, 2002; Mahdi et al.,
1996). Furthermore, it retains activity when fused with a Overall, the dimer structure in the crystal has a curved
or saddle shape on one face normal to the 2-fold axisnuclear localization signal and green fluorescent protein
and can therefore be used to probe Holliday junction created by the extended  sheet, while the other face
has a somewhat bidentate appearance with a channelprocessing in eukaryotic cells (Boddy et al., 2001; Doe
et al., 2002, 2000). running between symmetry-related “jaws” created by
the flexible loops (residues 15–28) and whose base isWe have determined the structure of the E. coli RusA
resolvase enzyme to 1.9 A˚ resolution and analyzed it formed by the 2 helices.
with reference to biochemical and mutagenesis data on
its divalent cation and DNA binding properties and its
Mutagenesis Studiescatalytic function. The structure confirms the neces-
Site-directed mutagenesis studies on RusA have identi-sity to distort a Holliday junction from the classical
fied four residues as essential for junction resolutionstacked-X or flat, 4-fold symmetric forms in order to
(Bolt et al., 1999, 2000). Replacement of these residuesobtain optimal binding and enable simultaneous cleav-
(D70, D72, K76, and D91) with neutrally charged residuesage at symmetric Mg2-bound active sites. Formation
does not affect DNA junction binding specificity butof the active sites through the association of essential
does confer a 80-fold reduction in junction resolutionaspartate residues identified in mutagenesis experi-
activity. An alanine variant of residue N73 and aspara-ments can also be seen to rely upon correct dimer-
gine variants of residues D80 and D90 also show someization.
reduced junction resolution activity (Bolt et al., 1999,
2000).
Cation Binding SiteResults
The three aspartic acid residues are located close to-
gether in the structure of the dimer but in such a mannerRusA Structure
There are two monomers of RusA in the asymmetric that it is D91 from the other subunit that is adjacent to
D70 and D72 (Figure 1). The function of these residuesunit of the crystal (denoted as A and B in the following
description), and they form an approximately 2-fold has been postulated as providing a ligation shell for
Mg2, and thus correct dimer formation appears essen-symmetric dimer. The monomer structure of RusA com-
prises a four-stranded mixed  sheet flanked on one tial for creation of the cation binding site. A close exami-
nation of the structural details of the two clusters revealsside by two  helices such that the secondary structure
has the order N-1-1-2-2-3-4-C (Figure 1). Its that they are not identical in our crystal form. The posi-
tion of the  carbon of D72 varies by approximately 2.5 A˚overall dimensions are approximately 35  40  50 A˚.
The final two residues from both monomers are disor- relative to the dimer 2-fold axis, and its side chain has
adopted different rotamers. This difference is correlateddered within the crystal structure, as are residues 18–26
in monomer B. In monomer A, the latter residues form with formation of a hydrogen bond between the side
chains of D72 and K76 within one of the monomers thatan extended loop (residues 15–28) between strand 1
and helix 1, albeit with greatly elevated B factors (aver- it is not possible to reproduce simultaneously in both
monomers because of both steric and charge repulsionage main chain value of 32 A˚2) relative to the rest of the
protein (average main chain value of 16 A˚2), which are effects. In forming the contact with K76, the side chain
of D72 is rotated away from those of D70 and D91 atindicative of a high degree of flexibility. Additional crys-
tal packing contacts, in particular to the side chain of its postulated cation binding site such that simultaneous
coordination of a cation by all three residues at thisR22, are probably responsible for the greater order of
this loop in monomer A. site would be impossible. We would predict that the
presence of magnesium cations would cause a localRusA is believed to exist as a dimer in solution (Chan
et al., 1998; Giraud-Panis and Lilley, 1998), consistent side chain reorganization involving D72 and the loss
of the hydrogen bond with K76 so as to generate awith its role in Holliday junction cleavage and as seen
for other resolvases. The oligomeric state of the enzyme symmetric arrangement of side chains at the cation
binding sites. Our crystallization conditions did not con-was examined in high and low NaCl concentrations (1
and 0.05 M) by gel filtration and via cross-linking com- tain Mg2, and although a solvent molecule does occupy
Structure of Holliday Junction Resolvase RusA
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Figure 1. The Fold of E. coli RusA
(A) A monomer of RusA with  helices and  strands shown as coils (red) and arrows (blue), respectively. The secondary structure elements
and the termini are marked. The flexible loop region in monomer A (that is disordered in monomer B) is colored yellow.
(B) A dimer of RusA viewed along its 2-fold axis into the face containing the catalytically important residues (shown in green).
(C) Electron density from the final 2|Fo-Fc| map with the refined coordinates of the model.
(D) The region around the catalytically critical residues whose side chains are shown and colored by atom type. Hydrogen bonds are shown
as dotted lines.
(E) A stereo view of the  carbon backbone trace of the RusA dimer with every tenth residue labeled (the asterisk is used to differentiate the
monomers).
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one of the potential sites, the coordination distances Conservation of Residues
and geometry suggest that this is not a divalent cation. Homologs of RusA are widespread in bacteria and their
Attempts to confirm the locations of the cation binding phages, and a sequence alignment of representatives
sites by soaking magnesium or manganese cations into of the most phylogenetically distinct examples permits
the crystals have been made but have so far proved the identification of conserved residues and features
unsuccessful. (Sharples et al., 1999) (Figure 2). The RusA-like proteins
R69, N73, K76, D80, and D90 Variants from Aquifex aeolicus and Lactococcus lactis phage r1t
The residues R69, N73, and K76 are solvent accessible have been shown to resolve Holliday junctions in vitro
and lie on the same face of the RusA dimer as the (Sharples et al., 1999, 2002). In most cases, RusA homo-
aspartic acid residues implicated in cation binding. The logs from Gram-positive sources have a different signa-
variants R69A/Q are unable to bind Holliday junction ture sequence in the flexible loop region (residues 15–
DNA under conditions with Mg2 cation concentrations 28), which is also slightly larger, and possess an
of 2 mM that give rise to a stacked-X form of the additional insert of 10–30 residues between strand 2
junction and that are optimal for wild-type (wt) RusA and helix 2. These features may have an effect on the
activity (Bolt et al., 2000). These variants, however, can type of structures that can be bound, as both would lie
still bind Holliday junctions under appropriate conditions in the proposed DNA binding interface (see below). An
but give rise to a relative electrophoretic mobility pattern additional feature in the Gram-positive sequences is
on a gel that is different to that for wt (E.L.B., unpublished the consistent replacement of the conserved R69 by a
data) in an assay developed by Lilley and coworkers proline residue that might serve to cap a structural ele-
using specific cleavage of pairs of arms to examine the ment formed by the extra inserted residues. It is clear
folded structure of the junction (Lilley and Clegg, 1993). that the residues previously highlighted as being impor-
This difference has been linked to a critical role for R69 tant for catalysis (D70, D72, K76, and D91) are very highly
in remodeling the junction structure to a conformation conserved in this alignment. In addition, residues N73,
suitable for cleavage. Residue R69 lies in a highly posi- D80, and D90 that had been targeted in the mutagenesis
tively charged loop between strand 2 and helix 2 and (see above) are highly conserved. The region containing
forms an ion pair with the side chain of D65 in the crystal. R68 (residues 64–69) has two or more positively charged
It is prominently positioned above the active site resi- residues in 90% of the sequences (Figure 2) and prompts
dues such that it could interact with the DNA phosphate the suggestion that it may be important in making DNA
backbone of a bound Holliday junction substrate and
backbone contacts. The conserved residues N15, R19,
help manipulate the duplex arms into an appropriate
K101, R109, and E116 are all solvent exposed and may
form for cleavage. An N73A variant of RusA still binds
function in substrate binding. In particular, R19 liesjunction nearly as well as wt enzyme but leads to re-
within the flexible loop region in the crystal structureduced junction cleavage (Bolt et al., 2000). This residue
that always carries at least one positively charged resi-adopts different conformations in the two monomers in
due and frequently two or more, suggestive of a role inthe crystal asymmetric unit and directly interacts with
protein-DNA phosphate backbone interactions. Resi-D70 only in one monomer while being fully solvent ex-
dues P9, P12, Q93, and I114 appear to have a role inposed in the other. Thus the N73A variant may act via
determining overall structural fold, and in the case ofdisturbance of the potential cation binding site formed
Q93 via a series of side chain to main chain interactions,by D70, D72, and D91 or through disruption of a second
in shaping the critical orientation of residues D90 andpossible site in which it might be directly involved. Muta-
D91. When the locations of the conserved residues aretion of K76 in helix 2 to glutamine or arginine does not
plotted onto the structure of RusA, the majority of sol-affect DNA binding but impairs catalysis (Bolt et al.,
vent-exposed residues lie on the same face of the pro-2000). Residue K76 hydrogen bonds to the side chain
tein that includes the proposed cation binding sites andof D72, and the K76Q/R variants may act like the N73A
the flexible loops between strand 1 and helix 1. Thisvariant but to greater effect by destabilizing cation bind-
suggests that this face is most likely to form the majoring sites. By analogy with the role postulated for a highly
contacts with a DNA substrate; however, the conserva-conserved lysine residue (K107) in RuvC that lies close
tion of several residues on the opposite face is intriguingto the active site (Lilley and White, 2000), the K76Q/R
and may have some significance in binding a highlyvariants may possibly also disrupt the orientation of an
distorted form of a Holliday junction or other DNA struc-attacking nucleophile that may have been generated
tures (see below).through proton abstraction from a solvent molecule dur-
ing catalysis. The side chain of D80 forms an ion pair
with that of R35 that would be disturbed in a D80N
DNA Binding Interfacevariant and could have an effect on the correct position-
The RusA resolvase binds its DNA target in a structure-ing of the side chain of R35 and possibly the loops
selective manner, showing notable preference for four-formed by residues 14–26 that make up the proposed
way Holliday junctions (Chan et al., 1998; Sharples et al.,jaws of the DNA binding interface and hence result in
1994). Initial examination of the structure of the proteinnonoptimal substrate binding and catalysis. The re-
dimer reveals a channel running down the center of theduced catalytic properties of the D90N variant may also
face of the dimer that contains the proposed cationreflect a secondary effect through disturbance of a side
binding residues between jaws formed by the C-terminalchain to main chain hydrogen bond that stabilizes the
end of strand 1 and the N-terminal end of helix 1 andposition of the catalytically critical D91 residue or per-
the intervening flexible loop region. At the base of thehaps via direct interference with the solvent and Mg2
cation structure necessary for efficient catalysis. channel are the residues (D70, D72, and D91) believed
Structure of Holliday Junction Resolvase RusA
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Figure 2. Alignment of the Most Diverse Representatives of the RusA Family of Proteins
Structural elements ( strands as arrows and  helices as cylinders) are illustrated above the RusA sequence with a dashed black line indicating
the disordered loop found in one of the subunits. The aligned sequences are numbered according to the corresponding position on the 120
residue E. coli RusA protein. Functionally related residues present in the majority of sequences are highlighted: indigo, basic (K/R/H); red,
acidic (D/E); green, hydrophobic (A/F/I/L/M/V/W/Y); and cyan, other conserved residues (including Q/N and S/T). The RusA sequences of
bacterial and phage sources are from Escherichia coli cryptic prophage DLP12 (Eco); E. coli O157:H7 prophage CP933 (CP933); Listeria
monocytogenes phage A118 (A118); Shigella flexneri phage V (SflV1); Legionella pneumophila (Lpn); Salmonella paratyphi (Spa); lambdoid
phages HK97 and HK022 (HK); Neisseria gonorrhoeae (Ngo); Aquifex aeolicus (Aae); Clostridium acetobutylicum (Cac); Bacillus subtilis plasmid
pLS32 (pLS); Streptococcus thermophilus phage 7201 (7201); Enterococcus faecalis (Efa); Streptococcus pyogenes (Spy1 and Spy2); Listeria
innocua (Lin); Staphylococcus aureus phageφPVL (PVL); Bacillus subtilis skin prophage (Bsu); Mycobacteriophage TM4 (TM4); and Lactococcus
lactis phage r1t (r1t). For clarity, three residues located after position 75 in the RusA from phage A118 are excluded from the alignment, and
other residues omitted are indicated at gaps in the alignment.
to form the two symmetry-related cation binding sites symmetry equivalents. The positively charged regions
extend further from the center through the effect of resi-and other residues (N73 and K76) associated with cataly-
sis. These catalytic centers are approximately 15 A˚ dues K101, K106, and R109 and their symmetry equiva-
lents toward the positively charged regions formed byapart, which compares with distances measured be-
tween potential scissile bonds of a Holliday junction of the arginine residues R66–R69 described above. How-
ever, with the exception of K101 and R109, the residuesapproximately 30 or 10 A˚ on the continuous or exchang-
ing strands, respectively, when in a stacked X configura- responsible for forming these charged regions are not
highly conserved among the family of RusA resolvasestion or 30 A˚ when in a square planar configuration or
approximately 25 A˚ when in a tetrahedral configuration. (Figure 2), and an E111Q RusA variant behaved very
much like the wt in resolution assays (Bolt et al., 1999,At either end of the cleft, there are groups of arginine
residues (R66–R69), and an examination of the electro- 2000; Chan et al., 1998).
Attempts at modeling a four-way Holliday junctionstatic surface potential of the molecule reveals the effect
of the clustering of these positively charged residues at DNA substrate onto our crystal structure of the enzyme
confirm that as with the other resolvase enzymes, RusAthe ends of the channel (Figure 3). The flexible loop
regions lie adjacent to the arginine clusters and include appears to need to alter the DNA conformation away
from either a 4-fold symmetric or stacked X structureresidues R16, R19, R22, and R24. These loops further
enhance the overall positive surface charge in this re- in order to achieve optimal binding such that the phos-
phate backbone is engaged close to the presumed cata-gion. It is perhaps worth noting that the additional in-
serted regions seen commonly in the sequences of RusA lytic centers. RusA could undergo conformational changes
upon binding, but it would still need to maintain its dimerhomologs from Gram-positive backgrounds (Figure 2)
tend to be rich in basic residues, and they are also likely interface to permit the clustering of the aspartate resi-
dues at the cation binding sites. Biochemical data sup-to lie on this face of the protein. The negative charge
distribution seen toward the center of the dimer at the port the idea of a distorted junction and suggest a con-
formation for the Holliday junction that is approximatelybottom of the channel in this face is generated by resi-
dues D70, D72, and D91 and would be modified by tetrahedral when bound by RusA (Chan et al., 1998;
Giraud-Panis and Lilley, 1998). Using a junction structurethe presence of the catalytically essential Mg2 cations.
However, binding data have shown that Mg2 is not with unstacked duplex arms that adopts a distorted
tetrahedral conformation does allow formation of arequired for selective junction binding by RusA, although
structure-independent binding to duplex DNA is sub- model for the complex in which the DNA phosphate
backbone can be positioned relative to the proposedstantially reduced in the presence of Mg2 cations (Bolt
et al., 1999, 2000; Chan et al., 1998). There is also a cation binding sites on the protein with a more appro-
priate spacing of approximately 25 A˚ for two symmetricnotable positively charged patch close to the 2-fold axis
on the opposite face of the dimer formed by residues cleavage sites located two base pairs 5of the crossover
point (Figure 3). This distance is still larger (by approxi-K56, R58, and R98 with adjacent negatively charged
areas arising from residues E60, D96, and E111 plus their mately 10 A˚) than the distance between the cation bind-
Structure
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Figure 3. DNA Binding Interface of RusA and a Model for Its Interaction with a Distorted Holliday Junction
(A and B) The surface of a RusA dimer that has been modeled to be symmetric using the coordinates of subunit A fitted to subunit B and
including all residue side chains. The surface is colored by electrostatic potential (red, 	10 kcal(mol·e)	1; blue, 10 kcal(mol·e)	1). The view
in (A) is that in Figure 1B, and in (B) is that of the opposite face of the dimer. The residues mentioned in the text are labeled, and the asterisk
is used to differentiate between the monomers.
(C) A stereo view of a model for a RusA dimer bound to a pseudo-tetrahedral Holliday junction. The protein is shown in red, with the catalytically
critical residues (D70, D72, K76, and D91) shown in green. The four strands of the DNA phosphate backbone of the Holliday junction are
shown as colored tubes with the positions of the scissile bonds marked in yellow, and the bases are shown as a surface representation in
gray.
ing sites and implies that further distortion is required move from the position seen for the flexible loop in
subunit A of our crystal structure in order to allow theof the junction structure and possibly that of the protein,
although the latter would need to maintain the active active site residues and the DNA to be brought together.
The jaws might then be positioned to form contacts withsite clusters formed at its subunit interface. A pseudo-
tetrahedral conformation of the DNA substrate also re- the DNA phosphate backbone, possibly to the arms of the
junction that do not contain the cleavage sites.duces, but does not eliminate, potential steric clashes
with the jaw regions that incorporate the flexible loops
and that are seen to cause most problems when trying Structural Comparisons
Other Resolvasesto dock a flat, 4-fold symmetric or stacked X substrate.
The simple docking experiments reveal that the jaw re- Like the other known structures of resolvase enzymes,
RusA clearly adopts a dimeric structure, but it does notgions with their positively charged character need to
Structure of Holliday Junction Resolvase RusA
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belong to either of the two structural families into which aspect of the integrase and nuclease families (Lilley and
White, 2001). The pattern of residues used to form theall but one of the other resolvases have been catego-
rized, nor does its fold resemble that of the exception, cation binding site in RusA is also different from those
seen in the structures of the two bacteriophage-encodedbacteriophage T4 endonuclease VII. However, despite
the difference in overall architecture, RusA does seem resolvases, T4 endonuclease VII and T7 endonuclease I.
Strikingly, RusA uses residues from both subunits tolikely to share the common theme involving the forma-
tion of a cation binding site formed by a cluster of aspar- form the cation binding sites, and this is analogous to
the situation in the bacteriophage T7 endonuclease Itic acid residues as predicted by site-directed mutagen-
esis experiments. case (Hadden et al., 2001). Although not as good as the
matches found for FLAP endonuclease or RB69 DNAProteins in the RCSB
Searches of the PDB (Berman et al., 2000) with our polymerase, a structural superimposition of the acidic
residues implicated in catalysis in RusA and T7 endonu-structure of the RusA monomer using the program PRO-
TEP (Grindley et al., 1993) or the DALI server (Holm and clease I reveals an additional notable similarity for the
N
 atoms of the side chains of the catalytically importantSander, 1993) produced a number of hits containing
some structural similarity to RusA, as expected for such lysine residues K76 (RusA) and K67 (T7 endonuclease
I). As with T7 endonuclease I, dimer formation woulda relatively small protein with a simple  sheet as a major
component; however, none of the known resolvase seem to be essential for correct Mg2 binding and hence
catalysis by RusA. It is interesting to note that FLAPstructures were found. The best match (rmsd of 3.2 A˚
over 79 superimposed  carbon positions) involved the endonuclease (Hwang et al., 1998), RB69 DNA polymer-
ase (Franklin et al., 2001; Shamoo and Steitz, 1999), andBacillus subtilis enzyme chorismate mutase (entry 2chs;
Chook et al., 1993); this enzyme has no functional simi- T7 endonuclease I (Hadden et al., 2002) bind two divalent
cations at each site.larity with RusA, and it has a sequence identity of only
5% and exists as a trimer. Despite this, it does permit
classification of the RusA fold into the family of choris- Discussion
mate mutase-like structures. Among the other better
matches, there was some similarity to the C-terminal We have seen how the structure of the RusA resolvase
is a new example amongst the variety of folds utilized todomain of the FtsZ GTPase from Methanococcus ja-
naschii (entry 1fsz; Lowe and Amos, 1998), which is enable cation-dependent phosphodiester bond cleavage,
particularly in relation to the critical cellular function ofimplicated in protein-protein interactions, but no known
DNA binding proteins were identified. DNA Holliday junction resolution. The structure shows
the necessity for dimerization of RusA to facilitate theCation Binding Site
The data from mutagenesis analyses of RusA had identi- formation of nuclease active sites and the catalysis of
bond cleavage. However, it is also clear that there is nofied the residues D70, D72, and D91 as being important
for catalysis and implicated them in formation of a cation “domain swapping” in the RusA dimer as observed for
T4 endonuclease VII (Raaijmakers et al., 1999) or T7binding site (see above). A more detailed search of the
PDB was therefore carried out using just the locations endonuclease I (Hadden et al., 2001).
The use of a cluster of aspartic or glutamic acid resi-of these three residues as a probe set to identify any
similarity to other clusters of acidic residues that might dues to provide a binding site for a divalent cation and
thus facilitate phosphate bond hydrolysis is a commonbe involved in divalent cation binding using the program
ASSAM (Artymiuk et al., 1994). A large number of hits theme found in many enzyme families. Clusters of acidic
residues have been observed in the other resolvasewith similarly high levels of structural identity were re-
covered from a wide variety of enzymes. Among these structures where mutagenesis studies have also re-
vealed that these residues are critical for catalysis butwere matches in the active sites of the DNA binding
enzymes Methanococcus janaschii FLAP endonuclease not for DNA binding (Lilley and White, 2001; Sharples,
2001). Studies of the catalytically critical D7, E66, D138,(entry 1a76; Hwang et al., 1998) and the replication fork
DNA polymerase from bacteriophage RB69 (at the poly- and D141 residues in E. coli RuvC suggest that they
have a role in metal binding that is supported by theirmerase active site; entry 1clq; Shamoo and Steitz, 1999).
In both of these enzymes as in RusA, the binding sites equivalent three-dimensional organization to the resi-
dues that form a Mg2 binding pocket in RNase H1are formed by three aspartic acid residues, and in the
case of FLAP, the first two are similarly located at the (Ariyoshi et al., 1994; Saito et al., 1995). Cation binding
has been directly observed at the equivalent sites in T4N-terminal end of an  helix separated by just one resi-
due, and the third residue is in a loop more remote in endonuclease VII and T7 endonuclease I (Hadden et al.,
2002; Raaijmakers et al., 1999). There were no divalentthe sequence (Hwang et al., 1998). This arrangement of
residues is in marked contrast to the situation in the metal cations incorporated into our crystallization condi-
tions, and we did not observe any cation binding nearRuvC and Hjc resolvases, the archetypal resolvase
members of the integrase and nuclease families, wherein the predicted active site aspartate residues (D70, D72,
and D91). However, the structural superimposition withthe acidic residues that ligate the Mg2 cations are quite
well separated in the polypeptide sequence and lie on known cation binding residues from other endonucle-
ases supports their proposed role in Mg2 binding. Thetwo adjacent  strands and an  helix (Komori et al.,
2000; Kvaratskhelia et al., 2000; Saito et al., 1995). The catalytically important lysine residue (K76) in RusA also
shows some structural homology with equivalent resi-similarity in cation binding of the integrase and nuclease
families has been generally attributed to convergent dues in other endonuclease structures and thus may be
playing a similar role in stabilizing a negatively chargedevolution (Venclovas and Siksnys, 1995), but also con-
versely, a common ancestry has been proposed for this transition state during phosphate bond hydrolysis.
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Table 1. Summary of Data Collection and Refinement Statistics
Inflection Point Remote Energy High-Resolution
Data Collection Edge Peak Data Data Data Data
Wavelength (A˚) 0.98013 0.98048 0.88560 0.97943
Resolution range (A˚) 50–2.1 (2.18–2.1) 50–2.1 (2.18–2.1) 50–2.1 (2.18–2.1) 50–1.9 (1.95–1.9)
Unique reflections 12707 12722 12719 17267
Completeness (%) 99 (99) 99 (99) 99 (99) 99 (97)
I/()I  3 (%) 85 (60) 88 (69) 72 (37) 92 (70)
Rmergea 0.046 (0.223) 0.044 (0.230) 0.071 (0.470) 0.028 (0.103)
FoMb 0.75
Refinement
Resolution range (A˚) 19.2–1.9
RWork/RFreec 0.190/0.226
Rmsd from ideality
Bond lengths (A˚) 0.014
Bond angles () 2.8
Average B Factors after TLSd (A˚2)
Protein main chain 17
Side chain 21
Solvent 43
Values in parentheses are for the final shell.
a Rmerge  hkl|Ii 	 Im/hklIm, where Im is the mean intensity of the reflection.
b FoM  mean figure of merit.
c RWork  hkl|Fo 	 Fc|/hklFo, where Fo and Fc are the observed and calculated structure factors, respectively. RFree is calculated in the same
manner as RWork but using the randomly selected 5% of the data withheld from refinement.
d TLS  translation, libration, and screw refinement.
RusA binds Holliday junctions with a high degree of arise from interactions with the positively charged re-
gions on the opposite surface. A further possibility is thatselectivity and has been shown to distort them from
the canonical stacked-X or 4-fold symmetric forms. Our a DNA substrate incorporating, for example, a single-
stranded tail might wrap the phosphate backbone alongattempts to produce a model of RusA bound to a four-
way crossover suggest that a distorted tetrahedral ar- a track on the RusA surface that incorporates both faces
of the enzyme. However, it should be noted that therangement of the duplex arms of the junction can be
fitted best to the RusA dimer. The two arms of the junc- residues that form the observed positively charged
patch on the face of E. coli RusA remote from the likelytion containing the CC dinucleotide cleavage sites can
be modeled to sit above the two sets of active site Holliday junction interface are not well conserved. Our
model maintains base pairing up to the point of strandaspartate residues (D70, D72, and D91) in a channel
formed between the ends of the 1 helices and the crossover, but data on the Cce1 resolvase from Sac-
charomyces cerevisiae has shown substantial disrup-flexible regions (residues 15–28) of the RusA dimer that
form the jaws of the proposed binding site. The other tion of the central base pairs (Declais and Lilley, 2000),
and this may be a feature with RusA binding that leadstwo noncleaved arms of the junction might be positioned
to interact via the phosphate backbone with the posi- to a further distortion in the local junction architecture
and influences the protein-DNA contacts.tively charged, flexible loop regions of the jaws that
might undergo an opening and closing mechanism to Recently, RusA has been used as a probe for the
presence of Holliday junctions in eukaryotic cells (Boddylock onto a Holliday junction, and hence optimal selec-
tive binding would occur with a four-way branched et al., 2001; Doe et al., 2000). It has been targeted to
the nucleus of these cells by N-terminal addition of thestructure. Despite its selective preference for four-way
Holliday junctions to which it binds with a very high SV40 T antigen nuclear localization signal, and its ex-
pression is detected using a C-terminal green fluores-affinity, RusA can also bind a number of other structures,
including simple duplex DNA, three-way junctions, cru- cent protein tag. This chimeric enzyme retains the ability
to fully restore UV resistance to a resolvase-deficient E.ciforms, and branchpoints that have two duplex arms
and two single stranded tails (Bolt and Lloyd, 2002; coli ruvC mutant and to specifically target cleavage of
Holliday junctions in vitro (Doe et al., 2002, 2000). Exami-Chan et al., 1998). It is possible to modify our model to
accommodate these alternative structures but such that nation of the structure shows how these large N- and
C-terminal tags are both located on the same face ofthey do not make all the possible contacts with the RusA
dimer formed by a Holliday junction. These alternative the dimer and how both can be accommodated in a
fully active resolvase, assuming the Holliday junctionsubstrates could be formed during a variety of DNA
repair or phage packaging processes; however, no substrate is bound on the opposite face as proposed
above.cleavage reactions have been observed with them (Bolt
and Lloyd, 2002). The nonspecific binding of RusA to RusA cleaves its DNA substrate in a sequence-depen-
dent manner with preference for a site 5of a CC dinucle-duplex DNA could be accomplished via the surface ex-
pected to interact with a Holliday junction but may also otide at the point of crossover (Bolt and Lloyd, 2002;
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HKL suite (Otwinowski and Minor, 1997). Phases and maps wereSharples et al., 1994). There are no published mutagene-
generated at 2.5 A˚ resolution using the CCP4 suite of programssis data concerning residues that give rise to the ob-
(CCP4, 1994) and model building carried out using TURBO-FRODOserved sequence specificity of cleavage by RusA, but
(Roussel et al., 1990). Subsequently, the model was refined using
examination of our model in the light of the RusA se- REFMAC5 (Murshudov et al., 1997), and the initial data set was
quence conservation focuses attention upon the totally replaced with a higher resolution set collected to 1.9 A˚ on station
ID14-4 at the ESRF. The stereochemistry of the model was moni-conserved residue D80 and very highly conserved resi-
tored using PROCHECK (Laskowski et al., 1993). Data collectiondue D90 that were noted above. The effects on junction
and refinement statistics are presented in Table 1.cleavage of a D80N or D90N variant were tested (Bolt
The electron density and  carbon trace figures were produced inet al., 1999), and both were able to catalyze junction
TURBO-FRODO (Roussel et al., 1990), and the electrostatic potential
resolution under conditions where D70N, D72N, and surface image was produced using the GRASP program (Nicholls
D91N variants were inactive, albeit slightly less effi- et al., 1993). All other figures were produced using PyMOL (http://
www.pymol.org).ciently than wt RusA. The sequence specificity of cleav-
age was tested for the D80N variant, and it maintained
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